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Analysis of Unsteady Tip and Endwall Heat Transfer in a Highly Loaded Transonic Turbine Stage

Abstract
In a previous study, vane-rotor shock interactions and heat transfer on the rotor blade of a highly loaded transonic turbine stage were simulated. The geometry consists of a high pressure turbine vane and downstream rotor blade. This study focuses on the physics of flow and heat transfer in the rotor tip, casing and hub regions. The simulation was performed using the Unsteady ReynoldsAveraged Navier-Stokes (URANS) code MSU-TURBO. A low Reynolds number k-ε model was utilized to model turbulence. The rotor blade in question has a tip gap height of 2.1 percent of the blade height. The Reynolds number of the flow is approximately 3x10 6 per meter. Unsteadiness was observed at the tip surface that results in intermittent "hot spots". It is demonstrated that unsteadiness in the tip gap is governed by inviscid effects due to high speed flow and is not strongly dependent on pressure ratio across the tip gap contrary to published observations that have primarily dealt with subsonic tip flows. The high relative Mach numbers in the tip gap lead to a choking of the leakage flow that translates to a relative attenuation of losses at higher loading. The efficacy of new tip geometry is discussed to minimize heat flux at the tip while maintaining choked conditions. In addition, an explanation is provided that shows the mechanism behind the rise in stagnation temperature on the casing to values above the absolute total temperature at the inlet. It is concluded that even in steady mode, work transfer to the near tip fluid occurs due to relative shearing by the casing. This is believed to be the first such explanation of the work transfer phenomenon in the open literature. The difference in pattern between steady and time-averaged heat flux at the hub is also explained.
Introduction
The efficiency of a jet engine is linked to the turbine inlet temperature and it is for this reason that one of the aims of engine design is to maximize the turbine inlet temperature. The temperature at the exit of a modern jet engine combustor can reach values of approximately 2000 K. This is well in excess of the thermal limits (approximately 1500 K (Ref. 1)) of materials used for stator vanes and rotor blades in the turbine section of the core. In order to operate at these high temperatures, typically at take-off, the turbine components are cooled by bleeding relatively cooler air from the compressor through holes in the surface of the turbine stators and rotors. The aerodynamics and heat transfer in the turbine stage are highly unsteady. A literature review of unsteady statorrotor interaction can be found in a previous study by Shyam (Ref. 2) . It is important to quantify and qualify the thermal load on the blades in order to efficiently and effectively cool them. Even a modest 10 K rise in blade metal temperature can lead to a sharp decline in the longevity of the blade through thermal fatigue and creep (by approximately half (Ref. 1)). A significant concern in turbine rotors is aerodynamic loss due to tip leakage. The pressure distribution set up around the rotor blade results in a pressure gradient across the tip gap of the rotor. The high pressure gas on the pressure side of the blade has a tendency to flow towards the low pressure suction side across the tip. The path of the tip flow depends on several parameters such as blade rotational rate, blade geometry . 7) investigated the effect of upstream casing recess on tip leakage and heat transfer and found that minimal tip heat transfer occurred for a recess height that is almost equal to tip clearance. They concluded that the recess has little effect on efficiency. This can be explained by approximating the effective tip gap geometry by a diverging-converging nozzle. Unless the tip gap height is extremely small, the flow will first be expanded and then recompressed before exiting to the suction side. O'Dowd et al. (Ref. 8) used several techniques to measure the heat transfer coefficient and adiabatic wall temperature on a transonic turbine blade tip (Rolls Royce Environmentally Friendly Engine.) Almost all their measurement techniques showed high heat flux and adiabatic wall temperature in the leading edge region of the tip and a thin band of low heat flux on the aft pressure side edge of the tip. The complexity of measuring accurately the heat flux in the tip gap is elaborated on and it is for this reason that CFD is of great benefit. Hofer and Arts (Ref. 9 ) conducted an experimental study of leakage flow for a non-rotating linear turbine cascade. The study looked at the impact of cooling in the tip gap for two squealer geometries. They considered a full squealer tip and a suction side squealer tip and concluded that the suction side squealer resulted in higher heat transfer and loss coefficient. This is to be expected because at subsonic conditions, the suction side squealer tip effectively acts as a converging nozzle that accelerates flow through the tip. Hofer et al. (Ref. 9) claim that neglecting the relative casing motion does not significantly alter the results because of previous studies like that of Krishnababu et al. (Ref. 10) . The latter studied the effect of relative casing motion on tip heat transfer and tip leakage mass flow for two different tip gap heights. They concluded that the effect of relative casing motion is diminished for larger tip gap heights due to dominant inviscid effects.
More recently, Wheeler et al. (Ref. 11) conducted a steady CFD simulation of tip flow for a transonic turbine rotor using Spalart-Allmaras and standard k-ε turbulence (with wall function) models. They claim that at high speeds, the turbulence model has little effect on heat transfer prediction. However, due to the lack of grid refinement near the wall and the use of wall functions it is not clear that this is in fact the case. Using a quasi-3D approach, they observed a quicker reattachment of the separation bubble at higher Mach number. They also state that there is a drop in heat transfer coefficient due to decreased turbulent mixing at high Mach numbers and that the flow is dominated by local pressure gradients. As it is pointed out by Wheeler 
Numerical Setup
This section provides a brief description of the pertinent numerical details related to this work. Further information can be found in References 2 and 12. A highly loaded (pressure ratio across stage approximately 5.0) high pressure turbine stage (Ref. 17 ) was used for this study. The stage consists of 38 stators and 72 rotors that rotate at approximately 9000 rpm. The rotor blade is threedimensional with a tip clearance 2.1 percent of the blade span. An O-H grid was generated using GridPro (Program Development Company (PDC)) and has y+<1 at the first point off the wall. The domain was partitioned into 20 blocks for the rotor and 11 blocks for the stator. Details of the grid metrics can be found in References 2 and 12. Figure 1 shows the grid on the rotor blade and the hub. Figure 2 shows the relative positions and sizes of the vane and rotor grids as well as the boundary conditions for the unsteady simulation. The grid consists of approximately 2.5x10 6 grid points. A discussion of grid density and suitability of the grid for this simulation can be found in References 2 and 12. Figure 3 shows a section of the grid in the tip region (72 cells in tip to casing direction.) The unsteady simulation was run for approximately 11 complete revolutions of the rotor blade row. Convergence was monitored by observing mass-flow values at stator inlet and rotor exit. Surface heat transfer on the rotor blade was also monitored over several iterations. The solution was deemed converged when surface pressure and heat transfer, 1000 iterations apart, were nearly indistinguishable (percent difference under 0.1 percent). In both cases (steady and unsteady) the solution was initialized ab initio.
The Reynolds number of the flow is approximately 3x10 6 per meter and is consistent with Tallman et al. (Ref. 17 ). An isothermal boundary condition was used for all solid surfaces and the wall temperature was set to 0.7 times the reference temperature to simulate realistic flow conditions.
Steady Simulation
For the steady simulation, the stator vane flow was first computed. At the vane inlet a temperature and pressure profile matching experimental conditions were imposed. The exit pressure profile was obtained from a coarse grid 1½ stage unsteady simulation (Ref. 18 ). The exit total pressure and temperature profiles obtained from the steady simulation of the vane were circumferentially averaged. The profiles thus obtained were used as inlet profiles for the steady rotor simulation. Rotor exit conditions were obtained from (Ref. 18 ). Periodic boundaries were specified at the tangential boundaries. Results from this case can be found in Luk (Ref. 16 ).
Unsteady Simulation
An inlet profile of total temperature and total pressure upstream of the vane were specified based on the experimental data of Tallman et al. (Ref. 17) . The radial static pressure distribution downstream of the blade was specified at the exit of the rotor blade row. This pressure distribution itself was a product of an unsteady computation for a 1½ stage simulation performed by Green et 
Results and Discussion
In this section surface heat flux is normalized and presented as Stanton number (Ref. 
Rotor Tip
Tip heat transfer is thought to be largely a steady phenomenon dictated by tip geometry. In the experiments of Tallman et al. (Ref. 17) , tip heat flux was measured at several locations. Figure 4 shows these probe locations on the tip surface. Figure 5 shows a comparison between simulated heat flux and heat flux measured from experiment at the probe locations shown in Figure 4 . The labels 'Experiment #5' and 'Experiment #6' in Figure 5 refer to the upper and lower bounds of the data samples collected in (Ref. 17) . Both the steady and time-averaged simulations over-predict heat flux in the leading edge region of the tip while the predictions at the trailing edge lie within the two data points obtained from experiment. It is possible that the leading edge region of the tip is experiencing laminar or transitional flow (associated with strong pressure gradient in the streamwise direction.) The CFD simulation assumes that the flow is fully turbulent and thus over predicts heat flux near the leading edge. Closer to the trailing edge, there is a better match between simulation and experiment. The blue stripes of low Stanton number (Refs. 2 and 17) on the tip that are visible in Figure 4 for the steady simulation, are also present in the results from the timeaveraged simulation. The band of lower Stanton number at the entrance to the tip gap, from the pressure side is caused by separation bubbles in the tip gap. Figure 6 shows time averaged Stanton number on the tip surface along with two planes that are oriented in the streamwise direction and labeled '1' and '2', respectively. Plane 1 is located at approximately x/c = 0.65 and Plane 2 is located at x/c = 0.52, where x/c is the normalized axial distance from the blade leading edge. Plane 1 is located in a region where the blue band of lower heat flux is present. Plane 2 is located in a region where the blue band of low heat flux on the tip is absent. Figure 7 shows a close-up view of Plane 1. Plane 1 is colored by normalized flow velocity. Blue indicates flow from pressure side to suction side and yellow indicates flow in the opposite direction (separated.) The green region on Plane 1 represents inflection points in the flow. Two distinct zones of separation are observed: one near the entrance to the tip gap from the pressure side and the other is midway through the tip gap on the casing. Figure 8 shows the region that is circled in Figure 7 in greater detail to verify that the zone is in fact separated. The separation reduces the heat flux by keeping the hot flow from the pressure side away from the tip surface as well as by creating a much larger buffer zone between the tip and the hot gas than a boundary layer would. This separation zone is not seen in Plane 2 that is shown in Figure 9 .
The blue band on the tip surface that is closer to the tip exit, near the suction side of the blade, is caused by the development of the boundary layer on the tip surface as well a separation triggered by shock boundary layer interaction. The boundary layer is thickened due to the presence of shocks and this leads to a further reduction in surface heat flux. These shocks can be seen in Figure 10 that shows density gradient contours along Plane 1 in the tip gap. The fluid from the pressure side over expands as it enters the tip gap and then goes through a series of shocks and expansions before a strong shock at the tip gap exit brings the pressure back to the level of the suction side. While viewing videos of unsteady flow in the tip gap it was observed that there exists a region in the vicinity of Plane 1 where the heat flux rises to levels comparable to that at the leading edge. A snapshot from this video is shown in Figure 11 . Although the rise in heat flux is intermittent it could have a significant impact on the life of the blade material. The reattachment line is known to be associated with higher heat flux. However, the unsteadiness of this "hot spot", as it shall henceforth be referred to, leads to the conclusion that there are other physical processes at work. Here, Re x is the local flow Reynolds number. It is interesting to note that the hot spot occurs downstream of an oblique shock. It also occurs when the shock is at its strongest. This is easily explained because a stronger shock would lead to the downstream relative Mach number being lower and therefore lead to a smaller boundary layer thickness. In addition, the stronger oblique shock increases the temperature downstream of it causing higher heat flux to the surface.
The levels of temperature, entropy, pressure and relative Mach number were analyzed before and during the hot spot. Table 1 shows the computed flow variables at two instances labeled 'before' and 'during' the hot spot. Station 2 refers to the tip gap entrance on the pressure side. Station 1 refers to the tip gap exit on the suction side. Station 3 is located on the tip surface region where the hot spot is observed. The bubble height, δ bubble is nondimensionalized with tip gap height, h. Table 1 shows that an 8 percent drop in tip gap pressure ratio leads to a 25 percent drop in bubble height and a 64 percent increase in Stanton number on the tip surface at station 3. The stations referred to in Table 1 are indicated in Figures 12 and 13 that show density gradient (similar to Schlieren visualizations) in black and white with overlaid vorticity contours in the tip gap during the occurrence of the hot spot and before the occurrence of the hot spot, respectively. When the flow moves from a white region to a black region, it indicates a compression. When the flow moves from a black region to a white region it indicates an expansion. The strength of the first oblique shock in the tip gap ( Fig. 12 ) appears to be a strong function of separation bubble height. The bubble height depends on both the pressure ratio across the tip as well as the local Mach number. This is contrary to the physics observed in the tip gap for subsonic flows, where separation and reattachment are brought about purely through the effects of turbulence. During the hot spot, the pressure ratio across the tip is higher than before the hot spot by approximately 8 percent.
The relative Mach number entering the tip gap is also higher. This leads to the separation bubble being thinner at the tip entry during the hot spot and pushes the throat further into the tip gap. Once the throat is reached, the pressure ratio across the gap accelerates the flow much faster. The separation bubble thins more quickly at higher Mach numbers causing a more rapid expansion in effective tip area. This in turn hastens reattachment by thinning the bubble height downstream of the throat. The higher the Mach number at reattachment, the stronger the shock and the greater the heat flux on the tip surface. The expansions that occur in the tip gap do increase the boundary layer thickness and therefore cause a reduction in heat flux further downstream in the tip gap. However, these expansions are weak and do not significantly change the pattern of heat flux on the tip surface. The shock at the tip gap exit triggers separation on the tip surface and causes a drop in heat flux. The primary oblique shock in the tip gap reflects off the casing and triggers another separation bubble on the casing. This separation bubble occurs downstream of the reattachment point on the tip surface and leads to a fairly constant area section in the tip gap that is terminated by a reflection from the casing separation bubble. It is clear from Table 1 that the hot spot is associated with periods of lower entropy, S, in the free stream. In low Mach number flows, the entropy of the wake is usually higher than that of the surrounding fluid. However, because of the highly loaded nature of this stage, there is a large entropy rise in the free stream, downstream of the rotor inlet and high entropy does not necessarily imply a wake effect. This is also the reason why the temperature in the wake is higher than in the free stream (although this has little effect downstream of the leading edge due to mixing). Following iso-surfaces of entropy, it was determined that the lower entropy is associated with the fluid from lower radial regions that is convected to the tip region due to unsteady radial pressure gradients. Figure 14 shows the streamline locations for the two instances in time: before the hot spot (top) and during the hot spot (bottom).
The existence of a throat leads to the conclusion that the flow through the tip gap is choked and that any rise in passage mass flow will reduce the relative tip losses. It is therefore possible to contour the tip gap in a manner that allows it to remain choked and simultaneously minimize tip heat flux. This could be accomplished by creating a converging pathway for the tip flow to push the throat to the tip exit. This would eliminate fluctuations of heat flux on the tip surface due to strengthening and weakening of oblique shocks and also increase the separation bubble distance in the streamwise direction. Alternatively, one could increase the separation bubble extent in the streamwise direction. This could however lead to a spike in heat flux at reattachment. If the throat were maintained at the tip gap entrance, diverging the tip gap downstream could minimize heat flux by preventing the occurrence of oblique shocks. Figure 15 (reproduced from Reference 2) shows the heat flux on the rotor hub for the steady (top) and timeaveraged (bottom) simulations. The heat flux from the time-averaged simulation is higher than the heat flux from the steady simulation near the leading edge on the suction side while it is lower on the pressure side. This thermal redistribution has been discussed in Reference 2. Figure 15 also shows the location of probes at which heat flux was measured during the experiment. The pattern of heat transfer shown in Figure 15 is consistent with the work of Ameri et al. (Ref. 20) . Figure 16 shows a comparison between the heat flux predicted by CFD and that obtained by experiment. On the hub, near the leading edge, there is almost a 100 percent difference between the steady and time-averaged simulations. This is partly due to the effect of the wake that interacts with the hub boundary layer. Another reason for this difference is that the boundary layer for the steady simulation is rather flat. This is because the inlet profile is defined in a coarse manner that does not accurately capture the turbulent boundary layer in the manner that the time-averaged simulation does. This is why the heat flux computed by the steady simulation in the leading edge region of the hub matches the heat flux measured by experiment. The CFD simulation is fully turbulent and therefore the timeaveraged simulation that is able to pass boundary layer information across the sliding interface, over predicts heat flux in the leading edge region of the hub. The 100 percent over prediction is indicative of the fact that the flow in this region is probably laminar. Towards the aft section of the hub the CFD predictions match very well with the experiment because the flow has now become fully turbulent. Figure 17 shows the shape of the inlet boundary layer for the steady (left) and the time-averaged (right) simulations. Here, the abscissa represents the %span with 0 percent at the hub and 100 percent at the casing. On the casing, due to the clearance flow the heat transfer is seen to be higher than on the hub especially in the region adjacent to the pressure side of the blade. This is because the hot air from the pressure side is being sucked towards the suction side and heats up the casing as it travels through the tip gap by the scrubbing action of the tip leakage flow (Ref. 12). The blue strip that follows it is associated with the separation zone described earlier and illustrated in Figure 4 . The heat flux distribution on the casing (Fig. 18 ) is similar to the work of Ameri et al. (Ref. 20) who observed that the heat flux directly above the rotor tip gap entrance is much higher than elsewhere in the domain because of work transfer involved in the interaction of two frames in relative motion (Refs. 21 and 22) . Minimal effects of unsteadiness were observed on the hub and casing surfaces and this is in agreement with Ameri et al. (Ref. 20) . In a simulation involving adiabatic walls, it is conceivable that the adiabatic wall temperature in some regions of the flow may rise above the stagnation temperature at the inlet to the stage. This is due to the fact that the rotation of the blade adds a rotational velocity component to the flow. This additional velocity manifests as an increased shear near the casing because the casing experiences flow in the absolute frame. The fluid near the casing thus experiences an increased enthalpy and thereby higher stagnation temperature than the stage inlet. This is true for both steady and unsteady simulations where two or more relative frames of motion are involved. Based on this analysis, one would expect a rise in stagnation temperature upstream of the leading edge as well. This region experiences large absolute velocity but the relative velocity is minimal. The shear work due to the rotation is thus converted to enthalpy of the fluid. The shear work and the enthalpy adjust to satisfy the energy equation because the pressure ratio across a stream tube that undergoes varying shear may remain constant in a relative frame of reference. The above discussion is borne out by the following thought experiment. Consider two stream tubes. The first stream tube is located near the casing at the tip gap entrance on the pressure side of the rotor and is oriented in the streamwise direction. The second stream tube is located near the tip surface. Assume that the thermal profile at the rotor blade row inlet is uniform with a stagnation temperature of unity. The energy equation requires that the internal energy convected into the stream tube be equal to the sum of the heat flux added to the tube, the pressure work done on the tube and work due to body forces and shear stresses. Assuming that the walls are adiabatic, it is clear to see that there is no effect of heat flux on the internal energy of the tubes. There are no body forces at work either. Assume that the pressure ratio across both tubes is comparable as are the absolute velocities. This means that the only difference in the internal energies of the two stream tubes is due to the shear work on them. Shear is related to velocity gradient. In the absolute frame of reference, the shear work on the fluid by the casing is approximately 6 times higher than the shear work on the fluid by the tip (or any surface rotating with the blade.) The Reynolds number in the relative frame is lower than in the absolute frame and this leads to a relatively thicker boundary layer. Coupled with a smaller velocity gradient across the boundary layer, this leads to the shear stress at the tip surface (second stream tube) being considerably smaller than at the casing. This is the reason why the stagnation temperature at the casing exceeds that at the tip. For the work presented in this paper (isothermal walls), the added work to the fluid manifests as large Stanton numbers on the casing at the tip gap entrance. This is evident from Figure 18 . The average Stanton number at the tip gap entrance on the casing is 0.04. This is twice as high as the largest Stanton number found on the blade surface. The above discussion assumed that the flow in the tip gap is subsonic in the relative frame (to avoid effects of shock-boundary layer interaction.) For the current study this is true in the leading edge to quarter chord region of the tip gap, above which the highest Stanton number on the casing is observed. In addition, the entropy at the tip entrance is fairly constant leading to an increase in stagnation pressure. This is accompanied by a rapid acceleration of flow across the tip gap. Another way to understand this work transfer is to realize that the pressure ratio across the stage is analogous to potential energy. It has the potential to do work on the rotor blade. When the pressure drives flow through the rotor passage, the geometry of the blade is able to harness the pressure to rotate the blade. At the tip, some of this work done on the blade is transferred to the tip leakage flow (the relative velocity in the tip gap is increased due to leakage.) The increased flow velocity creates higher shear stress on the casing. The effect would predominantly be observed at the tip gap entrance where the expansion into the tip gap peaks. In the event of a low stage loading the relative velocity in the tip gap is quite small compared to the rotational speed of the blade. This would cause lower values of shear stress on the casing and therefore lower heat flux. In summary, the work done by the flow on the blade is converted to kinetic energy of the blade. Some of the kinetic energy of the blade is transferred to the flow in the tip gap. This kinetic energy in the tip gap causes the shear work on the casing to increase (work is done on the casing by the flow.) This work results in an increase in internal energy because the pressure ratio across the tip can be assumed uniform in the radial direction. The casing is fixed and therefore the work cannot be converted to kinetic energy. The only other avenue is for the work to manifest as a rise in thermal energy (enthalpy.) In general, any region of flow that has a significant relative velocity component in the tangential direction (direction of rotation) is likely to experience an increase in stagnation enthalpy. In the present study, a 5 percent increase in stagnation temperature upstream of the rotor was observed while the stagnation temperature at the entrance to the tip gap rose by as much as 11 percent over the stage inlet stagnation temperature. Table 2 shows the adiabatic wall temperature that could be expected on the leading edge of the blade as a function of recovery factor (Ref. 23) . Table 3 shows the adiabatic wall temperature that could be expected on the casing, near the tip gap entrance of the blade as a function of recovery factor. The adiabatic temperature is computed as (Ref. 23) ,
Endwall Heat Flux
Here,  is the recovery factor. The temperature, T, and absolute Mach number, M, are at locations in the free stream at which the stagnation temperature, T 0 , is listed in Tables 2 and 3 . It is clear that at the leading edge, the effect of work transfer is not as evident. At the tip gap entrance, even assuming very low thermal recovery through the boundary layer, the adiabatic wall temperature is at least 3 percent higher than the inlet total temperature. At the leading edge this argument is not very accurate 
Conclusions
The flow and heat flux through the tip gap of the rotor of a highly loaded transonic turbine stage were analyzed. The physics of unsteady supersonic tip leakage has been explored and explained.
 A high degree of unsteadiness was observed over a small region of the aft section of the rotor tip surface. This is due to radial unsteadiness that is a result of the highly three-dimensional geometry.
The unsteadiness manifests as a strengthening and weakening structure of oblique shocks and their reflections.  A 'hot spot' was identified on the tip where the heat flux is comparable to the leading edge region. This spot is associated with the unsteady shock structure that was observed in the tip gap.
 The aft 70 percent of the tip gap is choked by the formation of a throat at the tip gap entrance. It is thought that this could be used to redesign the tip to push the choke point towards the tip gap exit near the suction side and thus attenuate the heating effect of the oblique shocks. In this case a prolonged separation zone would also be beneficial in the tip gap.
The steady simulation provided better agreement with experiment for Stanton number on the hub surface, near the rotor inlet. This was found to be due to the simplified manner in which inlet profiles are specified for steady simulations in many CFD solvers. The good agreement with experiment is therefore fortuitous rather than a result of better physical prediction.
The mechanism of work transfer that allows the stagnation enthalpy in certain regions of the flow passage to exceed that at the inlet is also explained. The argument proposed shows that it is not necessary for unsteadiness to be present to achieve such work transfer especially at the rotor tip gap entrance and the rotor leading edge.
